Abstract-A flexible organic-light-emitting diode (OLED) with capability to show 16 million colors is fabricated on plastic barrier-film substrate, which can produce arbitrary shape with arbitrary colors, suitable for artistic expressions. Independently controlled red, green, and blue light-emitting layers are stacked vertically, so that no visible structure can be observed even with magnifiers from right-in-front measurement. In the past, large voltage drop of intermediate electrode was preventing this approach to be applied to actual electronic devices. However, according to the surface mobility control using Fick's law analysis, low sheet resistance 7.34 / on plastic film is developed, so that 7.17-cm 2 area emission is successfully achieved. With optical length optimization for each color stack, more than 100% color reproduction in National Television Committee Standard is achieved by stack design. The device can be used for colored illumination, as well as for organic-light-emitting display pixels for three times emission than the conventional pixel design. The device is fabricated on plastic substrate, so that the polychromatic OLED device is manufacturable with roll-to-roll production line.
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I. INTRODUCTION
A FTER a quarter century has passed, since Tang and VanSlyke [1] published single heterojunction organic-light-emitting-diode (OLED) device in 1987. OLED display has been used for various applications such as smart phone and television due to its excellence in the high contrast and wide viewing angle [2] - [6] . Following the progress of OLED display, OLED is also applied to lighting applications [7] - [9] ; 139 lm/W was reported in 2014 [10] , which is on track of commercially available warm-white LED's efficiency trend [11] . However, LED is already broadly adopted in the market, so it is very important for OLED to address two issues, differentiation and cost reduction. To solve these issues, roll-to-roll mass production has been introduced for OLED lighting [12] . In the past, from the design perspective, there has been only straight, circular, or cubic light source in the market. Flexible OLED can make arbitrary curvature happen, which is frequently used in artistic design, such as painting and architectures. Arbitrary curvature lighting design manufactured by roll-to-roll manner can bring new luminaire market.
In order to add more value to the flexible OLED lighting strip, it is desired to show arbitrary color on curvature shape, not only monotonous white emission. On glass substrate, Burrows et al. [13] reported 1.5-mm-diameter two-color-stack color-tunable device in 1996 and Shen et al. [14] reported 1-mm-diameter three-color-stack color-tunable OLED device in 1997. However, the proposed method uses ITO, so it is applicable only to very small emission dots and was not for the large-area luminaire application due to its very high resistance. In particular, on plastic substrate, curing temperature is limited due to the low glass transition temperature of plastic substrate, so the ITO resistance is very high (250-170 000 / in [15] , 80-500 / in [16] , and over 160 / in [17] ) and is not adequate for the large-area application.
There is another approach to make color-tunable OLED panel happen for lighting application purpose. Oshita [18] reported a panel structure having 0.669-mm-pitch-red/ green/blue stripe repetition to produce color-tunable feature on 123-mm square panel. However, the color tunability is only valid for the condition when the three primary colors can be recognized as the mixed color [19] , [20] . Then, the observation distance has to be large and also the color uniformity is not sufficient from short-distance observation. In particular, for flexible OLED, convex bending of the emission surface increases the separation of different color primaries, which may deteriorate the color-tunable quality.
In this paper, a vertically stacked color-tunable OLED device (hereinafter called polychromatic OLED) for flexible substrate, manufacturable using the roll-to-roll method, is investigated.
II. DEVICES USED FOR THE EXPERIMENT
The polychromatic emissive OLED device is prepared as follows. The OLED stack is composed of anode, cathode, three emissive units, and two interelectrodes (Fig. 1 ).
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The barrier substrate is transferred again to metal chamber, and the first Ag intermediate electrode is deposited with temperature control plate attached. The substrate is then moved to organic chamber to have the second unit organic layers deposition. The substrate then has another transfer to metal chamber for the second Ag intermediate electrode deposition with temperature control plate. After third organic unit is deposited in organic chamber, cathode Ag layer is deposited with temperature control plate in metal chamber. Organic layer deposition was made with no temperature control plate attached. Substrate temperature during organic deposition was ∼30°C by thermocouple measurement.
Each unit can be controlled by electric current, respectively, and the emissive spectrum was measured by Konica Minolta CS-2000 spectroradiometer. Three OLED units are red, green, and blue emissive devices, whose order is varied for optimization. Red and green stacks are by phosphorescent emitters, and an example of experimental device structure embodiment is as follows.
Green:
HAT-CN(10 nm)/α − NPD(20 nm)/CBP : Ir(mppy) 3 (20 nm)/BCP(6 nm)/ETL(20 nm).
Red:
HAT-CN(10 nm)/α − NPD(20 nm)/CBP : Ir(btp) 2 (acac)(30 nm)/BCP(6 nm)/ETL(30 nm).
Blue device is by fluorescent emitter, and an example of the device structure embodiment is as follows.
HAT-CN(10 nm)/α − NPD(30 nm)/MADN:
TBPe(20 nm)/BCP(10 nm)/ETL(20 nm).
As stated, ITO resistance on low glass transition temperature substrate, such as PET, is very high like over 100 / . As shown in Fig. 2 , uniform emission is not possible with large OLED device. To make polychromatic OLED device happen that can be used as a planar light source, very low resistive transparent electrode technology is necessary. 
III. THEORY

A. Film Formation and Resistivity
It has been known that there are basically three major initial forms of film deposition [21] .
1) 3-D Nucleus Creation: Volmer-Weber type.
2) Monolayer Grown: Frank-van der Merwe type.
3) Nucleus Growth on Monolayer: Stranski-Krastanov type. In Volmer-Weber-type film formation, nucleus is formed by atoms gathered on substrate, and then the nucleus grows in 3-D way, known as island clusters, as the atoms arrive from evaporation source.
In Frank-van der Merwe-type film formation, 2-D layers are stacked one by one, which happens when interaction between substrate and thin-film atoms is stronger.
Stranski-Krastanov type happens for limited combination between substrate and thin film when interaction between substrate and thin-film atoms is very strong.
It is reported that resistivity is significantly increased when island clusters are created due to vacancies, caused by Volmer-Weber-type film formation. Therefore, it is desired to create a continuous film by Frank-van der Merwe type.
Island cluster type by Volmer-Weber film formation causes another issue. Metal clusters create localized surface plasmon absorption, which decreases the transmittance of films. The behavior can be explained by Maxwell-Garnett theory.
B. Plasmon Absorption
Transmittance of p-polarized light and s-polarized light through thin film can be described in (1) and (2), as shown at the bottom of this page [22] , [23] , where ε 2 is the permittivity of substrate and Im denotes the imaginary part. Also
where q is packing factor, which can be described as
Here, d shape and d mass are the actual thickness of the film and the thickness when the atoms forms 2-D continuous film, respectively.
Considering the condition when Im(ε * ) shows infinite value, it can be calculated that T p shows the minimum value at
Similarly, by considering the condition when Im(1/ε * ) shows infinite value, T p also shows its minimum value at
For Ag, ω p is in the near-ultraviolet region, ω I rarely locates in visible wavelength, and ω II normally locates in visible spectrum [22] , [24] . As the packing factor q is increased, ω II is decreased and the absorption edge should go to longer wavelength, which would increase the transmittance of longer wavelength.
According to (1)-(3), the transmittance of noncontinuous film gets lower, as the packing factor is decreased. 
IV. EXPERIMENT A. Discussion
From resistivity and plasmon absorption point of view, it is necessary to form a continuous Frank-van der Merwe-type, high packing factor film.
To control the packing factor, it is important to know what kind of parameter can influence the film formation. Fig. 4 shows the illustration depicting the incident molecule behavior on the deposited surface. Incident molecules are deposited onto a surface and subsequently relax into a position nearby where the binding energy is the strongest [25] . According to Fick's second law [26] , the diffusion flux J can be described as follows:
where C is the concentration and D is the diffusion coefficient. Solving (7), the concentration can be described using Gaussian error function, and the diffusion length can be described as [27] 
where L is the diffusion length and τ is the diffusion time constant. Time constant has the following relationship with F; deposited layer numbers per second:
In addition, it is known that diffusion coefficient can be described as [28] 
Using (8)- (10), diffusion length can be described as where a and E a are the interval and the depth of the trap center, respectively (Fig. 4) . The equation clearly shows that, at low temperature, the incident molecule is easily trapped by the trapping center and it prevents the molecule to migrate on the film surface. The frozen molecule will avoid the formation of 3-D Volmer-Weber-type structure and will result in the formation of Frank-van der Merwe structure that will lead to high packing factor, low resistivity, and high transmittance property.
To verify the assumption, Ag film evaporation was carried out at various substrate temperatures. For temperature values lower than 20°C, nitrogen cooling of the substrate was applied. Fig. 5 shows the sheet resistance of the evaporated film, deposited at various temperatures. It clearly shows that the sheet resistance is significantly reduced at −5°C deposition condition, while other temperature shows almost no conductance.
To improve the continuity of film, 8-nm deposition of Ag was made with various temperature conditions, as shown in Fig. 6 . The sheet resistance is gradually decreased as the temperature is decreased; 7.34 / was achieved at −15°C condition.
Figs. 7 and 8 show the SEM picture of Ag surface, deposited at 20°C and −15°C, respectively. The film deposited at 20°C has clear grain-to-grain vacancies, which leads to high resistivity. The film at −15°C has suppressed vacancies and is close to continuous film. 9 shows the transmittance of 450, 550, and 650-nm wavelength light for various substrate temperatures. As discussed already, Maxwell-Garnett rule predicts absorption edge ω II to move to longer wavelength when packing factor is increased. Fig. 9 clearly shows the 650-nm transmittance increase at −15°C substrate temperature condition, which follows the Maxwell-Garnett rule.
B. Panel Fabrication
The function of low resistance transparent electrode is verified using a transparent single-stacked OLED panel (2.235 cm × 1.685 cm × 4 panels), as shown in Fig. 10 . For polychromatic OLED panel operation, transparent OLED device needs to be stacked three times, which has red, green, and blue emissions in each stack.
As the next step, polychromatic OLED device with 4.32 cm × 1.66 cm emission area was fabricated on plastic barrier-film substrate.
As the first step, red/green/blue is assigned for the first, second, and third stacks, respectively (order of stack is shown in Fig. 1 ). Fig. 11 (dotted line) shows the spectrum of each primary color emission. It has very wide spectrum which overlaps each other. Color gamut is poor in this case, as shown in dotted line of Fig. 12 . Table I shows that the polychromatic device has only 72% National Television Committee Standard (NTSC) color gamut.
To improve the color gamut of the polychromatic device, it is necessary to have narrower half-width. To do so, microcavity tuning [29] is necessary. According to the microcavity simulation, it turned out that green/blue/red stack order gives much better color gamut. Fig. 11 (solid line) shows the tuned result of green/blue/red stack case, Fig. 12 (solid line) shows the improved color gamut using this approach. It can be shown in Table I that the polychromatic device has 105% NTSC ratio.
The 60 polychromatic OLED panels (4.32 cm × 1.66 cm) are assembled to form a spirally shaped lighting luminaire, as shown in Fig. 13 . Each panel can be controlled by 8-b data signal for each red, green, blue stack, so that it can produce arbitrary 16 million colors. Fig. 13 . Spiral luminaire installation of polychromatic OLED devices (demonstration of pure blue, pure green, and pure red, respectively).
C. Summary
To apply polychromatic OLED technology to planar light source, it is necessary to make low resistive intermediate electrodes. ITO on flexible substrate has too high resistance for it, so alternate technology is desired. According to incident molecular movement modeling on deposited surface, temperature is identified as the key factor to make Frank-van der Merwe-type continuous film growth, which can increase the film conductance and increase the transmittance of red emission, which can be predicted by the Maxwell-Garnett model; 7.34 / is achieved at −15°C condition using 8-nm Ag deposition.
Transparent conductors are applied to the achromatic OLED panel, and layer order is optimized, so that the color gamut becomes maximum; 105% NTSC polychromatic devices are fabricated and were installed as a luminaire.
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